Short coupling beams in wall structures work predominantly in shear and develop complex deformation patterns. For this reason they cannot be modelled based on the classical plane-sections-remain-plane hypothesis, and are typically designed with strut-and-tie models. However, because strut-and-tie models are inherently conservative, they can result in very large amounts of shear reinforcement (stirrups), and therefore significant construction difficulties. In addition, strut-and-tie models do not provide information about the deformation capacity of coupling beams, which is important for performance-based seismic design. To address these challenges, this paper discusses a three-parameter kinematic theory (3PKT) for the shear strength and deformation patterns of short coupling beams. The 3PKT approach is situated between simple and conservative strut-and-tie models and complex non-linear finite element (FE) models. While FE models use a large number of degrees of freedom (DOFs) to describe the deformation patterns in coupling beams, the 3PKT method is based on a kinematic model with only three DOFs. The paper presents the formulation of the model and its validation with tests.
INTRODUCTION
Coupling beams in shear wall structures of buildings serve to link the individual walls into a stiff lateral-load resisting system. They are located above door or window openings and feature relatively small aspect ratios (shear span/depth=a/h=1.0-3.5) . The adjacent shear walls subject the coupling beams to double curvature bending and high shear forces. The highest shear forces typically develop in stiff short coupling beams with a/h≤2.5 that are the focus of this paper. Such members are susceptible to brittle shear failures that limit their force and deformation capacity. To prevent such failures, short coupling beams are reinforced with either conventional stirrups or diagonal reinforcement. This paper will discuss a new approach for the modelling of diagonal tension failures in short coupling beams with conventional reinforcement.
Short coupling beams do not obey the plane-sections-remain-plane hypothesis, and therefore cannot be modelled based on the classical beam theory. Instead, such members are typically designed with strut-and-tie models based on a clear visualisation of the flow of forces in the member (Lee et al. 2008 (Lee et al. , fib 2013 . However, because strut-and-tie models are inherently conservative, they can result in very large amounts of shear reinforcement (stirrups), and therefore significant construction difficulties in the case of heavily loaded coupling beams. It is therefore the purpose of this paper to propose an alternative approach that can be used for refined calculations when necessary. Due to the similarities between short coupling beams and the inner shear spans of continuous deep beams, this approach will be derived as an extension to an earlier three-parameter kinematic theory (3PKT) for deep beams (Mihaylov et al. 2015) .
THREE-PARAMETER KINEMATIC THEORY FOR DEEP BEAMS
The three-parameter kinematic theory (3PKT) was developed based on the premise that the apparently complex deformation patterns observed in the shear spans of continuous deep beams can be represented by a simple kinematic model (Mihaylov et al. 2015) . For shear spans subjected to double curvature, the model uses three independent kinematic parameters (or degrees of freedom, DOFs), while for shear spans of simple beams the DOFs are reduced to only two. As coupling beams work in double curvature, they can be described similarly to the inner shear spans of continuous deep beams. The kinematic model provides conditions for compatibility of deformations, while the 3PKT also includes equilibrium equations and constitutive relationships for the mechanisms of shear resistance. The complete set of equations of the kinematic approach is summarized in Figure 1 . Figure 1a shows the kinematic model and its three degrees of freedom. In the model the shear span is divided by a critical diagonal crack that extends between the support and loading points. The regions below and above the critical crack are marked by flexure-shear cracks that outline two fans of rigid concrete struts, one centered at the loading point and the other at the support. The DOFs of the model are the average strains along the bottom and top longitudinal reinforcement εt1,avg and εt2,avg, as well as the transverse displacement Δc in the critical loading zone of the shear span (CLZ) where the concrete crushes at failure. As evident from the diagrams in Figure 1a , the complete deformation pattern of the shear span is represented as a superposition of two basic patterns. In the first pattern the two fans of struts open and the cracks between them widen. In the second pattern the two fans remain undeformed, while the deformations concentrate in the CLZ. As a result of the deformations in the CLZ, the critical diagonal crack undergoes additional widening as well as slip deformations. Using small-displacement kinematics, the complete displacement field of the two deformation patterns can be expressed as a function of the 3 DOFs of the kinematic model. A key assumption of the 3PKT is that the shear failure is triggered by the crushing of the CLZ. This assumption has been confirmed in experimental and analytical studies. It is used to derive an expression for DOF Δc by simplifying the geometry and strain distribution in the CLZ, see Eq. 3. On the other hand, DOFs εt1,avg and εt2,avg are expressed with the bending moments in the end sections of the shear span (and therefore with the shear V), assuming that the longitudinal reinforcement remains elastic, see Eq. 1-2. To calculate these DOFs and the shear force at failure, the 3PKT requires an iterative solution procedure.
Figure 1. Three-parameter kinematic theory for deep beams (3PKT).
The solution procedure begins by calculating the geometry of the kinematic model from the equations in Figure 1b , and by assuming an initial value of the shear force V. With this initial value, Eq. 1-3 are used to calculate DOFs εt1,avg, εt2,avg, and Δc. These DOFs are in turn used to calculate the width of the critical diagonal crack w and the strain in the transverse reinforcement (stirrups) εv from Eq. 12-13 in Figure 1c . These equations are derived directly from the kinematic model and have meaning of conditions for compatibility of deformations. In a following step, the crack width w is used to estimate the shear Vci transferred across the critical diagonal crack by means of aggregate interlock. This calculation is based on a constitutive relationship proposed by Vecchio and Collins (1986) , see Eq. 16 in Figure 1d . Similarly, strain εv is used to evaluate the stress in the stirrups, and therefore the shear resistance Vs provided by the stirrups, see Eq. 17. For simplicity, it is assumed that the stress-strain relationship of the stirrups is elastic-perfectly plastic. In addition to the shear components Vci and Vs, a significant portion of the shear in deep beams is carried by the critical loading zone. Similarly to DOF Δc, shear component VCLZ is derived by assuming that the concrete in the CLZ is at crushing when the beam fails, see Eq. 14. Finally, the last component of shear resistance is attributed to the dowel action of the longitudinal reinforcement Vd which is typically relatively small (Eq. 15). Having calculated the four components of shear resistance, a new value of the shear force V is obtained by adding up these components. With the updated shear force, the calculations return to Eq. 1-3 for the DOFs of the kinematic model, and the procedure is repeated until V converges to a constant value. This value represents the shear strength prediction of the 3PKT. The predicted DOFs can then be used to calculate the complete displacement field of the shear span at failure by using Eq. 8-11.
EXTENDED KINEMATIC APPROACH FOR SHORT COUPLING BEAMS
As mentioned earlier, the 3PKT can be applied to short coupling beams because they work in double curvature similarly to the inner shear spans of continuous deep beams. The main difference between coupling beams and deep beams is the manner in which the forces are introduced in the shear span. While deep beams are typically loaded by columns, coupling beams are loaded by the adjacent shear walls, see Figure 2 . This requires certain modifications of the original approach mainly related to the critical loading zone. It can be shown that in deep beams the size of the CLZ, and therefore its strength VCLZ and displacement capacity Δc, are proportional to the size of the loading column lb1, see Figure 1 . More specifically, VCLZ is proportional to the effective size of the loading element lb1e expressed by Eq. 4. However, because the CLZ of coupling beams does not merge into a column with a fixed width but into a large shear wall, the effective size lb1e is not clearly defined. A similar situation arises in the base of short shear walls where the CLZ of the wall merges into a stiff foundation. In the kinematic modelling of short shear walls Mihaylov et al. (2016) have proposed to estimate lb1e as a percentage of the length of the wall diagonal. The same approach is adopted here by using the length of the diagonal of the coupling beam:
where the coefficient 0.11 is the same as that proposed for the modelling of walls. In addition to this modification, it should also be taken into account that coupling beams are typically subjected to symmetrical double curvature bending and feature symmetrical top and bottom longitudinal reinforcement. As a consequence, DOFs εt1,avg and εt2,avg are equal and the 3PKT can be viewed as a 2DOF method. Equations 1-2 of the original 3PKT can therefore be replaced by a single equation:
Finally, the last modification of the original 3PKT method concerns the shear carried by the transverse reinforcement Vs, and more specifically the area of the stirrups Av that contribute to Vs. Equation 7 for Av accounts for the fact that, due to the relatively small stirrup strains near the ends of the shear span of deep beams, not all stirrups crossing the critical diagonal crack are effective in resisting the shear force. However, experimental studies of coupling beams have shown that the stirrups are almost fully activated (Paulay (1969, 71,) and therefore Eq. 7 is replaced by:
where the angle of the critical crack is estimated as
Figure 2. 3PKT for short coupling beams.
COMPARISONS WITH TESTS
The proposed extended 3PKT method is applied to a short coupling beam tested by Paulay (1969, 71) . The test specimen, named beam 391, had a 152 mm by 991 mm rectangular section and a shear-span-to-effective-depth ratio a/d=1016/991=1.11. The longitudinal reinforcement of the beam consisted of symmetrical top and bottom bars with a ratio ρl=1.06%, while the transverse reinforcement consisted of stirrups with a ratio ρv=0.88%. The complete set of properties of the specimen is provided in Table 1 . Beam 391 was subjected to monotonic loading until it failed at a shear force of 777 kN along a critical diagonal crack, see Figure 3 . The shear strength of the beam can be predicted based on the 3PKT method for coupling beams by using the iterative solution procedure described earlier. However, to demonstrate the method more clearly, the solution of the 3PKT equations is presented in a graphical form in Figure  3 . On the horizontal axis of the plot is the unknown DOF εt,avg = εt1,avg = εt2,avg while on the vertical axis are the shear forces. For each value of εt,avg, the shear on the beam can be calculated from Eq. 19 based on the moment equilibrium of the shear span. This shear force can be seen as a demand on the shear span which at failure must equal the shear resistance along the critical diagonal crack. The shear resistance is obtained as the sum of the four shear components expressed from Eq. 14-17 and plotted in Figure 3 (curves VCLZ, Vci, Vs, Vd). As can be seen from the plot, the shear resistance ΣVi decreases gradually with increasing strain εt,avg, while the shear
demand increases linearly due to the linear behaviour of the longitudinal reinforcement. The solution of the 3PKT equations lies at the intersection of the two curves where the shear forces are in equilibrium. Based on this approach, the predicted value of shear resistance is 776 kN, almost exactly equal to the experimental value in this case. Similar calculations were performed for three other coupling beams from the same experimental program that failed in shear without (or with limited) yielding of the flexural reinforcement. The results from these comparisons are summarized in Figure  4 and Table 1 . The main difference between the beams was the a/d ratio which varied from 1.11 to 2.27. Figure 4 shows the complete envelopes of the shear force versus chord rotation responses of the tests specimens. As it can be expected, the shortest coupling beam was significantly stronger than the longest one. Beams 391 and 392 were nominally identical, but the latter beam was subjected to reversed cyclic loading. Based on this comparison, the load reversals resulted in a shear strength degradation of only 4%. It should be noted however that the cyclically-loaded specimen had higher concrete strength than its monotonic companion beam (37.6 vs. 31.5 MPa). As evident from the triangular markers in Figure 4 , the 3PKT predicted almost exactly the strength of the monotonic test and slightly underestimated that of the cyclic test. Similarly adequate predictions were also obtained for the two longer tests specimens which were tested under monotonic load. While these results are 
PARAMETRIC STUDY
Finally, it is of interest to use the proposed method to study the effect of different tests variables on the shear resistance of coupling beams. In particular, it is of interest to study the effect of transverse reinforcement ratio and concrete strength, see Figure  5 . Considering that the dimensions of coupling beams in high-rise buildings are typically limited due to architectural requirements, these two parameters are the main options available to engineers to increase the shear resistance of the beams. As evident from Figure 5 , the 3PKT method predicts an almost linear increase of shear strength with increasing ρv. For members with a/d of 1.11 similar to test specimen 391, the increase of ρv from the minimum value of 0.2% to 1% results in a 48% increase of shear resistance. This trend however cannot be extended, because the capacity of the beam will eventually be limited by either flexural or sliding shear V V  failure in the end sections of the beam. It can also be seen from Figure 5 that the increase of shear strength with increasing concrete compressive strength is slightly non-linear. According to the 3PKT predictions, increasing fc is a more effective measure in shorter beams than in longer members. This is consistent with the fact that shorter beams carry more shear via direct diagonal compression (or strut action).
CONCLUSIONS
The approach presented in this paper for calculating the shear strength of short coupling beams is an extension of a three-parameter kinematic theory for continuous deep beams. The method is aimed at predicting brittle shear failures occurring along critical diagonal cracks based on a 3DOF kinemaic description of the deformation patterns of coupling beams. Only shear failures occurring prior to yielding of the flexural reinforcement are captured by the method. The following conclusions can be drawn based on the derivations and comparisons performed in the paper:
1) The apparently complex ultimate shear behaviour of coupling beams can be modelled by using a kinematic model with only 3 DOFs; 2) The main modification required as compared to deep beams concerns the size of the critical loading zones. While in deep beams this size is proportional to the size of the loading columns, in coupling beams it can be related to the length of the diagonal of the member.
3) The proposed method predicted adequately the shear strength of four test specimens tested under monotonic and cyclic load. 4) Further comparisons with tests and numerical simulations are needed to confirm the effectiveness of the method.
